the SSC tunnel due to the relatively low levels of radiation which are expected.
Recovery will be difficult to characterize for low levels of irradiation. Recovery should probably be viewed as simply a factor in our favor, the effects of which tend to reduce attenuation.
Radiation induced attenuation is also dose rate dependent. Attenuation increases with increasing dose rate. This effect may be related to recovery. Since the irradiation rates expected for the SSC tunnel are very low, dose rate dependency is another factor in our favor.
Another important effect associated with irradiation of fiber optic cable is radiation hardening. After pre-irradiation and recovery, optical fiber displays a resistance to further increase in attenuation when again irradiated.
There are several important conclusions that can be drawn from understanding the basic physics of optical fiber irradiation effects:
1. Since oxygen content in the fiber causes high sensitivity to ionizing radiation, optical fibers with pure silicon cores are indicated as the preferred type.
3.
Since boron content in the fiber cladding increases the fiber's sensitivity to neutron radiation, optical fibers that do not include boron in the cladding are indicated.
It is obvious from elementary radiation physics that the fiber core diameter should be as small as feasible in order to present the least possible cross section to the radiation flux. For a 2-ft shielded niche, the neutron flux estimate is: 4 = 4.04 x 10' n/crn'//yr and for an unshielded niche, the gamma flux estimate is:
Gy/yr (where 1 Gy = 1 J/kg) .
To proceed it can be argued that radiation levels in the fiber conduits will be near the levels in the niches. First, considering that the neutron flux is highly isotropic, distance to source effects tend to be minimized. Second, the fiber conduits will be covered with a thickness of concrete which can be assumed to be 5 near the 2-ft thick shield thickness used in the niche level estimates. However it is clear that the thickness of the floor concrete must be specified and calculations may need to be performed to estimate the neiitron fluence in the fiber conduits.
COMPILATION O F RELEVANT ESPERIMESTAL RESVLTS
Previously it was .argued that single mode fiber was preferred due to its smaller fiber core diameter. Figures 2 and 3 It was previously stated that oxygen content in the fiber core results in in- Figure 4 indicates the performance of a popular creased radiation sensitivity. circa 1970 fiber FLUOSIL SS 1.4 . This multimode fiber has a 100 pmeter diameter core of silicon oxide. Taking 20 dB as a reference attenuation level, note that the FLUOSIL fiber reaches 20 dB attenuation at 0.6 Gy (60 rad) total dose.
Comparing this with the Figure 5 multimode AT&T fiber which has a pure silicon core, note that the reference level of 20 dB is reached after a total exposure of about 7600 rad. While this comparison is not totally fair since the FLUOSIL fiber has a larger core.diameter than the AT&T fiber, it is nevertheless clear that the pure silicon core fiber is at least 50 times more radiation hard than the silicon oxide core fiber. If FLUOSIL SS 1.4 is compared with the Sumitomo single mode fiber in Figure 2 operating at 1300 nrn, it is obvious that the development of radiation hardened fibers has been highly successful.
The presence of boron in the fiber cladding has been suspected of causing an increased sensitivity to neutron fluence. This total dose corresponds to operating the machine for about 170,000 years at the neutron fluence estimated for the SSC tunnel.
+ Figure 6 also illustrates the saturation/recovery effect. Note that for lower wavelengths, the attenuation continues to grow with increasing irradiation. How- ever, at higher wavelengths, saturation clearly limits the attenuation increase.
Again, keep in mind that these levels of irradiation are far higher than those expected to exist in the SSC tunnel. Note the increase in attenuation with dose rate. Figure 9 shows the effect of radiation hardening on a FLUOSIL SS 1.4 fiber.
This effect is very pronounced in this fiber.
CONCLUSION
A single mode radiation hardened fiber, operating at 1300 nm, using gallium arsenide laser sources and gallium arsenide detectors should be well within operational boundaries over a 25-year period. This conclusion is based on existing experimental literature, manufacturers data, and an understanding of the basic physics of attenuation increase due to irradiation in optical fiber. In addition this conclusion assumes that the estimated radiation levels in the SSC tunnel are realistic. It can be assumed that radiation levels near detector regions, drift spaces, transfer regions, dumps, etc., will be significantly higher than the estimates indicate. Whether these higher levels will present a significant problem is questionable and an estimate of the levels in these "hot spots" should be made.
However, it does not seem unreasonable to replace optical fiber occasionally in areas of high radiation or to provide additional shielding in these areas with thicker concrete or boral conduit. (Boral conduit is constructed by encasing boron in aluminum. Boral shielding can be used to effectively attenuate neutron fluence.) No data has been found which cliaracterizes fiber optic operation at the levels espected to exist in the SSC tunnel. However there appe.ars t o ])e n o reason to believe that unexpected behavior will be displayed at low levels of irradiation.
-An experiment could be performed at a nuclear reactor to study the efhcts of low level neutron irradiation on optical fiber. However the resources of a specialized nuclear reactor will be needed and it is important to keep in mind that counting neutrons is no simple matter. To perform such an experiment will require consid- Figure 9 . Radiation hardening in optical fiber.
12 may meet in the near future to discuss irradiation of optical fiber at low neutron fluences.] However any experiment that is conducted over a period of hours or days will still serve only as an approximation to the long-term behavior. It would take 25 years to fully qualify a fiber optic cable for use in the SSC tunnel. If fiber optic cable is used in the SSC tunnel, the application itself will be an experiment in the effects of low level radiation on optical fiber.
